The rs1143679 variant of ITGAM, encoding the R77H variant of CD11b (part of complement receptor 3; CR3), is among the strongest genetic susceptibility effects in human systemic lupus erythematosus (SLE). The authors aimed to demonstrate R77H function in ex-vivo human cells. Methods Monocytes/monocyte-derived macrophages from healthy volunteers homozygous for either wild type (WT) or 77H CD11b were studied. The genotypespecifi c expression of CD11b, and CD11b activation using conformation-specifi c antibodies were measured. Genotype-specifi c differences in iC3b-mediated phagocytosis, adhesion to a range of ligands and the secretion of cytokines following CR3 ligation were studied. The functionality of R77H was confi rmed by replicating fi ndings in COS7 cells expressing variant-specifi c CD11b.
Complement receptor 3 (CR3)/Mac1 is a heterodimeric integrin receptor. The α-chain (CD11b), encoded by the ITGAM gene, is unique to this receptor, while the β-chain (CD18) is shared with other integrin receptors. CR3 is expressed widely and at high levels on innate immune cells, including neutrophils, monocytes and macrophages. It binds a range of ligands including iC3b, ICAM-1 and fi brinogen, and it participates in functions including phagocytosis and adhesion. 1 2 Variation at ITGAM is one of the strongest genetic risk factors in human systemic lupus erythematosus (SLE), and
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The rs1143679 (R77H) lupus associated variant of ITGAM (CD11b) impairs complement receptor 3 mediated functions in human monocytes Benjamin Rhodes, 1 Barbara G Fürnrohr, 2 Amy L Roberts, 1 George Tzircotis, 3 Georg Schett, 4 Tim D Spector, 5 Timothy J Vyse 1 it is common (minor allele frequency ≈10%) in all except east Asian populations. [3] [4] [5] It may be a moderate risk variant for systemic sclerosis, but it is not associated with other autoimmune diseases. 6 7 Interest has focussed on the rs1143679 variant, which encodes an arginine to histidine amino acid change at position 77 (R77H) in the beta-propeller domain of CD11b. This variant had already been recognised as an antigen in neonatal alloimmune neutropenia. 8 In European populations, linkage disequilibrium between ITGAM variants leads to multiple genetic associations and diffi culty pinpointing functional effects to a single variant. Trans-ancestral data support rs1143679, but without extensive resequencing and replication, attributing function to a specifi c variant alone remains open to interpretation. 5 Direct experimental data have been confl icting. A recent study reported differences in adhesion and phagocytosis between cell lines transfected with wild-type (WT) or 77H ITGAM. 9 On the other hand, the 77H genotype was not reported to infl uence adhesion of ex-vivo neutrophils (although iC3b was not tested). 8 The strength of the ITGAM association in SLE makes this a particularly important effect to understand. It may give us an insight to key pathogenic pathways that are potentially amenable to therapeutic manipulation. The relative lack of genetic data specifi cally supporting rs1143679, combined with the confl icting early functional reports, means that existing studies give an inadequate picture.
METHODS Reagents
Culture media, sera and salt solutions and secondary antibodies were from Invitrogen (Life Technologies, Paisley, UK); rhM-CSF was from Peprotech (London, UK); anti-CD11b, anti-CD14 and control antibodies were from ebioscience (Hatfi eld, UK); polyclonal antisheep erythrocyte IgM was from Cedarlane (Burlington, Ontario, Canada). Human CD11b and CD18 in the pRK5 vector was a gift of Emmanuelle Caron, Imperial College, London. The R77H mutation was introduced using a Stratagene QuikChange site-directed mutagenesis kit (Agilent Technologies, Stockport, UK). Protein ligands were from Calbiochem, Merck-Millipore, London, UK (iC3b), R&D Systems, Abingdon, UK (ICAM-1) and Enzyme Research Laboratories Swansea, UK (fi brinogen). Human DC-SIGN was a gift of Dan Mitchell, University of Warwick.
Study participants
Study volunteers were from the TwinsUK National Institute for Health Research (NIHR) bioresource. Individuals were selected on the basis of imputed genotype but rs1143679 was checked by TaqMan assay (Applied Biosystems, Life Technologies, Paisley, UK). All volunteers were healthy with no history of autoimmune disease, recent steroid or immunosuppressant use. The study was approved by the South East London Research Ethics Committee and participants gave written informed consent. Additional volunteers were recruited at the University of Erlangen-Nuremberg, with approval from the ethics committee of the Friedrich Alexander University of Erlangen-Nuremberg.
Leucocyte preparation
Processing of heparinised blood was commenced within 1 h of collection. For fl ow cytometry, a leucocyte-enriched fraction was obtained by sedimentation in 3% dextran-500, before staining as outlined below. Untouched human monocytes were obtained by density gradient sedimentation (Histopaque; Sigma, Dorset, UK) and purifi cation by negative selection (Monocyte Isolation Kit II; Miltenyi Biotec, Bisley, UK). Monocyte-derived macrophages were obtained by adherence of fresh monocytes, in serum-free medium, to glass coverslips for 1 h before being grown on in RPMI supplemented with 10% fetal bovine serum (FBS), Glutamax, pyruvate, penicillin/streptomycin, non-essential amino acids and 50 ng/ml M-CSF for 6 or 7 days at which point cells were spread and strongly adherent. All ex-vivo assays were performed on fresh paired samples, with one WT and one 77H sample collected and processed at the same time.
Cell lines
COS7 simian fi broblasts (ATCC) were grown in DMEM supplemented with 10% FBS and penicillin/streptomycin. Transient transfection with CD11b/CD18 was achieved using the Amaxa Nucleofector (Lonza, Basel, Switzerland) according to the manufacturer's protocol. No signifi cant differences between WT and 77H cell-surface expression (assessed by fl ow cytometry) were seen, either in terms of the percentage of positive cells or the mean fl uorescence of the positive population.
Flow cytometry
Leucocytes were resuspended in Hank's balanced salt solution with 20 mM HEPES, 1 mM calcium chloride and 1 mM magnesium chloride. Unstimulated samples were kept on ice throughout. Stimulated samples were incubated at 37˚C for 5 min, with 200 nM phorbol myristate acetate (PMA; Sigma) added for 10 min before staining. Residual erythrocytes were lysed and the leucocytes fi xed before analysis.
Quantitative real-time PCR
Total RNA was extracted from 2×10 6 cells using an RNeasy kit (Qiagen , Hilden, Germany) and complimentary DNA prepared using the SuperScript III First Strand Synthesis System (Life Technologies, Paisley, UK). cDNA quantifi cation was carried out using ABsolute quantitative PCR SYBR Green ROX Mix (Thermo Fisher, Wallham, Massachusetts, USA) on an Applied Biosystems 7300 real-time PCR system. The relative quantifi cation of cDNA was based on the comparative Ct method, with four housekeeping gene controls, and normalised to one randomly selected homozygous donor, using DataAssist software (Applied Biosystems). For primer details see supplementary text (available online only).
Phagocytic assay
Phagocytic assay was performed using monocyte-derived macrophages transferred to serum-free medium for 1 h. Sheep erythrocytes (TCS Biosciences, Buckingham, UK) were opsonised with rabbit antisheep erythrocyte IgM (sRBC IgM ) with or without human iC3b (sRBC iC3b ) according to established protocols (see supplementary text, available online only). 10 Opsonised sRBC were added to the macrophages and incubated for 20 min before halting phagocytosis on ice. External, engaged sRBC were distinguished from internalised sRBC by staining as previously described (see supplementary text, available online only) and the coverslips were mounted for immunofl uorescent microscopy (Zeiss Axiophot, Welwyn Garden City, UK). 11 12 Cells were scored blind for the number of internalised sRBC (Alexa-555 labelled) and the number of bound but external sRBC (dual labelled with Alexa-488 and Alexa-555). The association index was calculated as the mean engaged (internal and external) sRBC per 100 phagocytes. The phagocytic index was calculated as the mean internalised sRBC per 100 phagocytes. The percentage phagocytosis was calculated as the mean internalised sRBC/engaged sRBC per phagocyte. 12 COS7 cell phagocytosis was quantifi ed 2 days after transfection. The protocol was identical except the phagocytic incubation was 25 min and a modifi ed association index was calculated in which COS7 cells with no associated sRBC were not counted (even with CD11b staining it was hard to distinguish autofl uorescent, but potentially untransfected, COS7 cells from those expressing low level CD11b).
Adhesion assay
Ninety-six-well Maxisorp plates (Nunc, Fisher Scientifi c, Loughborough, UK) were coated for 24 h with 100 μl iC3b, ICAM-1 or DC-SIGN (5 μg/ml), fi brinogen (5 mg/ml), anti-CD11b ICRF44 or human serum albumin (HSA) (10 μg/ml). Plates were blocked before use with 3% HSA for 1-2 h at room temperature. Freshly isolated cells were washed and resuspended in DMEM with 20 mM HEPES, 1 mM calcium chloride, 1 mM magnesium chloride and 1% HSA before applying to cold plates (5×10 5 /well). Plates were incubated at 37ºC for 30 min, non-adherent cell aspirated and the wells gently washed with warm PBS. Cell adhesion was quantifi ed by 0.05% crystal violet staining and measuring 595 nm absorbance (see supplementary text, available online only). 13 14 
Cytokine assay
Freshly isolated monocytes were resuspended in RPMI supplemented with 10% FBS, Glutamax, pyruvate, penicillin/ streptomycin, non-essential amino acids and added to 96-well round-bottomed plates (5×10 5 /well). sRBC IgM or sRBC iC3b were added as appropriate (5×10 6 /well to a total volume of 100 μl), and after 1 h the Toll-like receptor (TLR)7/8 agonist R848 (Invivogen, Toulouse, France) (or PBS) was added (2 μg/ml). Supernatants were harvested after 12-16 h and frozen at -80°C. Cytokines were quantifi ed using a Cytometric Bead Array (BD Biosciences, Oxford, UK) according to the manufacturer's instructions.
Statistical analysis
Data are expressed as mean±SEM. Data comparisons between genotype groups were made using a linear model and HuberWhite sandwich estimator/robust standard errors, accounting for layers of data clustering due to assay batches and from shared genetic/environmental factors in related twins. Withinindividual comparisons (as in elements of the cytokine analysis) or when all participants were unrelated (as in the phagocytic assays) comparisons were made by paired t test.
RESULTS

CD11b expression
We analysed CD11b cell-surface expression (using anti-CD11b antibody ICRF44) in 10 WT and 10 77H homozygous volunteers (fi gure 1). The neutrophils were identifi ed by foward/sidescatter profi le, and monocytes by side-scatter low/CD14 high profi le. Even accounting for an outlier in the 77H group with very high CD11b expression, there was no genotype-specifi c difference in expression by comparison of mean fl uorescent intensities (p=0.33 for neutrophils, p=0.25 for monocytes). PMA activation resulted in an increase in CD11b cell-surface expression but no difference between genotype groups (p=0.42 for neutrophils, p=0.97 for monocytes).
To confi rm that the rs1143679 genotype was not infl uencing gene expression we performed quantitative PCR in an additional 14 WT and nine WT/77H heterozygous volunteers. There was no signifi cance difference in the relative expression of ITGAM messenger RNA (p=0.35 for unselected peripheral blood mononuclear cells, p=0.13 for monocytes; fi gure 2).
CD11b activation/conformation
During receptor activation CD11b undergoes conformational change that can be reported using antibody CBRM1/5, which only binds the headpiece of CD11b in the active high affi nity state. 15 In 10 WT and 10 77H homozygous volunteers, we only observed (as expected) very low level CBRM1/5 epitope expression on unstimulated neutrophils and none on unstimulated monocytes (data not shown). PMA stimulation induced a dramatic increase in the expression of the CBRM1/5 epitope in both cell populations (fi gure 3), but with no genotype-specifi c 
Phagocytosis
Phagocytic assay was performed using samples from seven WT and seven 77H homozygous volunteers. A mean of 258 (SD 164) macrophages per volunteer were counted, on a minimum of two coverslips. We observed no genotype-specifi c difference in the association of sRBC iC3b , but there was a signifi cant reduction in phagocytosis by 77H cells quantifi ed by phagocytic index (WT 129.3±25.1, 77H 91.6±18.8, p=0.012) or percentage phagocytosis (WT 38.9±4.6%, 77H 26.9±4.5%, p=0.003) (fi gure 4).
To confi rm that it was the 77H variant specifi cally that impaired phagocytosis, we replicated this assay in COS7 cells transfected with WT or 77H variant ITGAM. In fi ve independent experiments a mean of 91 (SD 39) COS7 cells was counted from a minimum of two coverslips. Reduced . We saw no difference in adhesion to plates coated with anti-CD11b ICRF44. We saw no genotype-specifi c difference in the binding of fresh neutrophils (resting or PMA activated) to any ligand (data not shown).
Cytokine secretion
We measured the secretion of interleukin (IL)-1β, IL-6, tumour necrosis factor alpha (TNFα) and IL-10 from ex-vivo monocytes from 13 WT and 13 77H homozygous volunteers. CR3 stimulation was achieved using sRBC iC3b , with sRBC IgM as control stimulation. Overnight stimulation of monocytes with sRBC IgM alone triggered a minor rise in the secretion of IL-1β, IL-6 and TNFα that was less than 1% of the level observed following TLR7/8 stimulation. Overnight stimulation with sRBC iC3b was not signifi cantly different from that seen with sRBC IgM only.
To evaluate whether CR3 signalling inhibited TLR7/8 responses we compared R848 (TLR7/8 agonist) stimulated monocytes that had been preincubated with sRBC iC3b with monocytes that were preincubated with control sRBC IgM (fi gure 6). The overnight secretion of pro-infl ammatory cytokines by WT monocytes was signifi cantly lower in the presence of CR3 activation (mean reduction in cytokine (sRBC IgM /R848 stimulation minus sRBC iC3b /R848 stimulation): IL-1β −577±190 pg/ml, p=0.010; IL-6 −3230±1341 pg/ml, p=0.033; TNFα −2623±891 pg/ml, p=0.012). In 77H homozygous monocytes only a modest non-signifi cant change was seen (IL-1β −130±100 pg/ml, p=0.219; IL-6 −167±570 pg/ml, p=0.774; TNFα −557±397 pg/ml, p=0.186). A direct comparison demonstrated signifi cant genotype-specifi c differences in the absolute level of cytokine inhibition (IL-1β p=0.030; IL-6 p=0.029; TNFα p=0.027). No changes in IL-10 secretion were observed in either group.
DISCUSSION
We have presented an analysis of CD11b/CR3 expression and function in genotyped ex-vivo cells, demonstrating a range of impaired effector functions in cells carrying the rs1143679 polymorphism. We confi rmed specifi c functionality of the encoded R77H variant by replicating impaired phagocytosis in genetically modifi ed cell lines. We observed no genotype-specifi c difference in the expression of CD11b by monocytes or neutrophils; an important observation when interpreting subsequent functional studies. Neither did we see genotype-specifi c differences in the expression of CD11b activation epitopes, even in the presence of PMA, which activates CR3 through an 'inside-out' signalling mechanism. 16 We conclude that the R77H polymorphism does not impair CD11b inside-out signalling or the conformational changes required for receptor activation.
We observed a reduction in the phagocytosis of iC3b opsonised targets by ex-vivo monocyte-derived macrophages. This was observed despite the fact these cells may co-express complement receptor 4 (CR4), which could participate in phagocytosis and act as a source of random variability in this assay. We confi rmed that impaired phagocytosis was an R77H-specifi c effect in variant-specifi c ITGAM-transfected COS7 cells, which lack phagocytic receptors but are functionally capable of phagocytosis when receptors are introduced. We also demonstrated a reduction in the adhesiveness of 77H monocytes, most notably to iC3b. Cell adhesion is not simply a function of the affi nity of integrin to its ligand, but involves post-receptor-binding events that regulate receptor avidity and initiate cell spreading. 17 Phagocytosis and adhesion can be considered different manifestations of the same underlying process. 18 Taken together our results suggest defective 'outside-in' integrin signalling. We included the dendritic cell receptor DC-SIGN as a ligand in our adhesion assay as it has been reported to bind CR3 during neutrophil-dendritic cell cross-talk. 19 20 Our fi nding of a genotype-specifi c difference in adhesion to DC-SIGN provides additional support for an interaction between these two receptors. We observed no genotype-specifi c difference in neutrophil adhesion, replicating existing data. 8 We suspect adhesion to alternative receptors, particularly leucocyte function antigen-1 (which binds ICAM-1 but not iC3b) accounted for the ligand-specifi c difference in adhesion, although the interaction between CR3 and iC3b involves more extensive binding sites than the interaction with other ligands and may lead to genuine differences in adhesion. 21 22 The interaction between CR3 and ICAM-1 may also be assessed better under fl ow conditions. 9 We hypothesise that because of receptor redundancy a generalised defect in adhesion due to 77H is unlikely to be an important pathogenic mechanism in SLE. SLE is not associated with pauci-cellular tissue lesions and furthermore it is diffi cult to reconcile an adhesion defect with the SLE specifi city of the rs1143679 genetic association. 6 We demonstrated genotype-specifi c differences in monocyte cytokine responses, with signalling through CR3 inhibiting TLR7/8 mediated pro-infl ammatory cytokine release. The current literature reports that certain anti-CD11b monoclonal antibodies, or soluble mediators (particularly sCD23), induce proinfl ammatory cytokine release (including IL-1β or TNFα), either just with CR3 ligation, or as a synergistic effect with lipopolysaccharide (TLR4) activation. 23 24 On the other hand, stimulating monocytes with sRBC iC3b has been reported to illicit a primarily anti-infl ammatory response, with a downregulation of IL-12 and an upregulation of IL-10. [25] [26] [27] This paradox is resolved by suggesting that CR3 signalling is infl uenced by ligand avidity: tonic, high-avidity CR3 activation producing a transient rise in pro-infl ammatory cytokine production followed by prolonged inhibition of interferon-α and TLR2 and TLR4 signalling. 28 The approach we (and others) take of activating CR3 through sRBC iC3b has advantages and disadvantages. The correctly orientated (thioester anchored) iC3b on sRBC is likely to trigger physiological CR3 avidity activation, but the stimulus is potentially contaminated with unconverted C3b, C1q and other factors carried over from human serum used during the opsonisation process. In addition, there is the probability of CR4 activation and perhaps activation via the controversial IgM receptor. 29 Proving a CR3-specifi c effect through blocking experiments is diffi cult because anti-CD11b antibodies themselves are reported to induce cytokine release. 23 24 Our demonstration of a genotypespecifi c effect actually provides, in itself, good evidence that CR3 ligation underlies the effects we observe.
Cross-talk between CR3 and TLR has also been reported elsewhere. Activation of TLR2, TLR3 and TLR4 has been associated with a greater pro-infl ammatory response in itgam -/-mice and ex-vivo mouse macrophages than in WT mice or cells. 30 To our knowledge we are the fi rst to demonstrate that this inhibitory effect extends to TLR7/8. It has been proposed that one mechanism for the cross-inhibition of TLR signalling is by Syk activation with subsequent degradation of TLR-induced MyD88 and TRIF. 30 As TLR7/8 also acts via the MyD88 pathway it seems intuitive that CR3 inhibits TLR7/8-induced cytokine release.
How could an under-functioning variant of CR3 increase susceptibility to SLE? Defective phagocytosis itself is clearly an important mechanism in SLE. Fc-gamma receptor gene variants (including the monocyte/macrophage genes FCGR2A and FCGR3A) that impair ligand affi nity and phagocytosis are associated with SLE, while defective complement-mediated phagocytosis is also recognised as a feature of this disease. 31 32 The 'waste-disposal' hypothesis proposes that impaired uptake of apoptotic cells is a key element of SLE pathogenesis, and defective uptake of apoptotic cells by lupus macrophages having been observed directly, but it is debatable whether CR3 plays a key role in this process. [33] [34] [35] [36] Impaired clearance of iC3b-containing immune complexes is another attractive disease mechanism, because immune complex deposition underlies much of the tissue damage in SLE. 35 37 Our fi nding that CR3 ligation inhibits TLR7/8 signalling in a genotype-dependent manner is particularly interesting in the context of SLE. TLR7/8 is activated by single-stranded RNA: a component of key lupus auto-antigens such as Sm and RNP. These, in addition to synthetic TLR7/8 agonists, can activate monocytes, myeloid and plasmacytoid dendritic cells and B cells. 38 39 It has been noted that many lupus autoantigens coligate both Fc receptors and TLR7/8, potentially providing pro-infl ammatory signals that initiate and perpetuate autoimmunity. 40 It is possible that CR3, co-ligated in the context of iC3b-containing immune complexes, provides an important immunoregulatory 'non-danger' signal. In the presence of the 77H polymorphism this signal may be impaired.
We deliberately adopted a 'broad-brush' approach to demonstrate a range of R77H effects rather than focussing on any individual mechanism in depth. We focused on monocytes because of their frequency in peripheral blood (allowing a range of assays from a limited blood source) and because fresh monocytes express relatively low levels of CR4. 41 We recognise, however, that other cell types may be of great relevance in SLE, in particular CR3-expressing dendritic cell or B-cell subsets. We assume the 77H CR3 is generally under-functioning in all these cells types, but this will require experimental confi rmation.
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